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Various electro-optic ͑EO͒ effects in liquid crystals ͑LCs͒ have been widely used for displays, light modulators, and other EO applications. 1 Among them, a twisted nematic ͑TN͒ 2,3 effect has been most successfully implemented in displays such as portable TVs and lap-top computers, especially in the thin-film transistor addressing scheme. However, the conventional TN effect using a positive dielectric coupling of nematic LCs ͑NLCs͒ has several disadvantages such as limited contrast, wavelength dependence, and narrow viewing characteristics. To overcome this problem, the deformation of vertical aligned phase ͑DAP͒ or an electrically controlled birefringence ͑ECB͒ mode 4,5 is often adapted for better contrast since a complete extinction can be easily achieved in a homeotropically aligned cell. In this case, the EO modulation is obtained by means of a coupling between an external electric field and a negative dielectric anisotropy. Since the DAP or ECB device is still operated in the birefringence mode, the resultant optical characteristics are quite sensitive to the wavelength of the incident light. More recently, a rub-free LC light shutter based on homeotropic orientation has been fabricated using a cholesteric LC with the negative dielectric anisotropy. 6 In this letter, we demonstrate a new type of LC device, based on a homeotropic to twisted-planar ͑HTP͒ transition, using a NLC with a negative dielectric anisotropy and a chiral agent. Although the basic principles of the HTP structure are similar to the conventional TN one, it possesses higher transmission, wider viewing, and achromatic characteristics. Moreover, the inactivated off-state of the HTP structure exhibits a complete extinction of the light under crossed polarizers, and thus better contrast over the wide viewing angle can be obtained than in the conventional TN and ECB cases. Figure 1 shows the basic structure and operation principles of the HTP device. The inner surfaces of two substrates were treated to promote homeotropic alignment of LC molecules. 7 A NLC material with a negative dielectric anisotropy was placed between the two substrates. Note that some molecular chirality was introduced so as to generate a desirable amount of twist on approaching the HTP transition under an applied voltage V. In the off-state, the homeotropically aligned NLC cell blocks the incident light under crossed polarizers. By the application of the voltage V above the Freedericks threshold V th , the LC molecules orient in the direction perpendicular to the applied electric field and the HTP transition occurs in an activated on-state. The helical nature of the HTP structure makes the optical eigenmodes rotate on passing through the cell. In other words, for VϾV th , light emerges from the crossed polarizers and variable light transmission can be produced by controlling the magnitude of the applied voltage.
Based on the idea described above, the HTP device as shown in Fig. 1 was constructed for demonstrating the main features of the EO characteristics. The sample cell was made of patterned indium-tin-oxide coated glasses. Two inner surfaces of the cell were coated with JALS 203 polyimides of Japan Synthetic Rubber Co. for homeotropic alignment. Each alignment layer was rubbed to break the azimuthal symmetry when the LC molecules fall off in the on-state. It should be emphasized that the tendency of the homogeneous alignment produced by the rubbing process is still weak so that no appreciable effect is made on the homeotropic alignment in the off-state. 8, 9 Moreover, the twist in the on-state of the HTP structure can be controlled by both an external twist imposed by the rubbing process and the amount of a chiral agent introduced. When the sample cell is sufficiently thin, a natural helical structure of the doped NLC becomes un- wound in the off-state. 10, 11 The critical thickness for helix unwinding in a chiral NLC with a negative dielectric anisotropy is a little smaller than the pitch. 11 In our case, the helical pitch was about four times larger than the cell thickness, and then the unwound structure appeared in the off-state.
The HTP cell being studied has 90°for the external twist, which makes the on-state similar to the off-state of a conventional TN cell except for two surface regions. This means that the polarization of the incident light is barely affected in the two surface regions and it continuously rotates by 90°on propagating through the twisted bulk region. The LC material and the chiral additive used were EN-37 of Chisso Petrochemical Corp. and S-811 of Merck, respectively. The concentration of S-811 was varied to produce an appropriate ratio of the cell thickness to the pitch, d/ pϭ0.25, so that the twist of 90°in the HTP cell was naturally achieved.
To understand the effect of the external twist and surface anchoring on the resultant EO properties, two different HTP cells ͑with and without rubbing͒ were studied. For the rubbed HTP, two polarizers, crossed with each other, coincide with the rubbing axes on the two surfaces of the cell. In addition, TN and ECB cells were constructed so as to compare them with the HTP cell. For the ECB, the same NLC and alignment layer as the HTP were used. But, no chiral additive was introduced and two rubbing axes of the cell were parallel to each other. The two crossed polarizers make an angle of 45°to the rubbing axes. For the TN, a NLC with a positive dielectric anisotropy, ZLI-2293 of Merck, was used and the homogeneous alignment was produced using SE150 polyimides of Nissan Chemical Co. The chiral agent S-811 was added to obtain an appropriate ratio of the cell thickness to the pitch d/ pϭ0.25. In all cases, the cell thickness was maintained by glass spacers which were 5 m thick.
For measuring the transmitted light intensity through the sample cell, a He-Ne laser with a wavelength of 632.8 nm was used as a light source. A square wave of 1 kHz frequency, generated from an arbitrary wave form generator, was applied to the cell. The transmitted intensity was monitored with a photodiode in conjunction with a digitizing storage oscilloscope and a digital multimeter. All measurements were carried out at room temperature. Figure 2 shows the transmitted intensity through the HTP cell as a function of the applied voltage. The solid and dashed lines represent experimental results for two HTP cells with and without rubbing, respectively. The applied voltage was varied in steps of 0.1 V from 0 V to 10 V. For each cell, three different measurements were made to see any history dependent behavior of the transmission. For VϾV th , the molecular director gradually reorients perpendicular to the field and becomes continuously twisted in the rubbed HTP cell. Note that an excellent extinction is always achieved in the inactivated off-state for both cases. However, in the onstate, the transmitted intensity for the unrubbed HTP varies slightly at each measurement since defect textures are developed under an applied voltage greater than V th (Ϸ2.2 V͒. Probably, this results from unstable domains with the Schileren textures appearing above the threshold. 12 Although the EO modulation efficiency for the unrubbed HTP is relatively smaller than that for the rubbed one, the defect textures tend to enhance the viewing angle characteristics. This will be discussed later. In fact, the rubbing process and the chiral additive play a critical role in fabricating the HTP device free of the defect textures or unstable domains.
In an activated on-state of the HTP cell, in which the twisted-planar structures developed uniformly, the cell behaves as a polarization rotator in the waveguiding regime. In this regime, the optical transmission through the HTP cell becomes less sensitive to the wavelength of the incident light. For the ECB, however, the optical retardation controlled by the birefringence exhibits a strong wavelength dependence. Figures 3 and 4 show the transmission spectra of the rubbed HTP and ECB cells at various applied voltages, respectively. As shown in Figs. 3 and 4 , in the high voltage limit (Ϸ 6 V͒, the spectra of the HTP are much less dependent on the wavelength than those of the ECB in the whole range of the visible light. For the ECB, the wavelength dependence becomes profound and the chromaticity shifts to the red. However, at low voltages (Ϸ 3 V͒, it shows similar characteristics to the HTP case. One difference is that the HTP has a rather high transmission, which is desirable for display applications. Figure 5 shows the angular dependence of the contrast ratio ͑CR͒ for the HTP cell, together with the TN and ECB cases, as a function of the incident angle ⌰ with respect to the surface normal of the cell. The transmission was measured in such a configuration that the polarization of the incident light makes an angle of ⌿ϭ0°with respect to the scattering plane. The on-state was driven at 5 V. It is clear that for the HTP, a typical value of the CR is on the order of 10 3 , which is at least one order of magnitude larger than our TN case. As a result, the HTP has better viewing characteristics in the sense that the CR exceeds 100 in the range of ⌰ϷϮ70°. Another interesting point is that for the unrubbed HTP, an even better range of the viewing angle (ϷϮ80°) can be achieved, although small variations of the CR were observed. This tells us that the defect textures present in the unrubbed HTP, developed under the applied voltage, enhance the viewing characteristics. Now, we discuss the CR obtained in another configuration in which ⌿ϭ45°. In this case, the leakage of the light through the HTP in the off-state occurred for nonzero ⌰'s, and much stronger ⌰ dependence of the CR was observed. The CR drops rather sharply down to 10 at ⌰ϷϮ40°where the HTP case becomes comparable to the TN one. Therefore, the overall viewing performance of the HTP based devices should be further improved by using a negative birefringent film. 13, 14 In summary, we have demonstrated a novel EO effect, associated with a homeotropic to twisted-planar structural transition, using NLCs with a negative dielectric anisotropy and molecular chirality. This EO effect should be useful for extremely high contrast, wide viewing, and achromatic display applications. The magnitude of the external twist and the amount of the molecular chirality are found to predominantly govern the HTP transition characteristics. The HTP architecture is a promising candidate for use in the active matrix ͑AM͒ addressing scheme. However, only a few negative dielectric NLCs with very low conductivity required for AM addressing are currently available. Before practical implementations of the HTP architecture, much progress on materials development is needed and further studies on the dynamic performances remain to be explored.
We are grateful to Dr. S. Murata and Dr. T. Isoyama of Chisso Petrochemical Corp. for kindly providing EN37 and to Japan Synthetic Rubber Co. for JALS203. This work was supported in part by the Ministry of Education through BSRI 95. 
